3036 J. Med. Chem. 2005, 48, 3036—3044

Differential Inhibition of HIV-1 and SIV Envelope-Mediated Cell Fusion by C34
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The spectrum of inhibition of human (HIV) and simian (SIV) immunodeficiency virus envelope
(Env)-mediated cell fusion by C34, a 34 residue peptide corresponding to the C-heptad repeat
of gp41 (residues 628—661 of HIV-1 Env), has been examined using a panel of five envelope
glycoproteins, three from HIV-1 (LAV, SF162 and 89.6) and two from SIV (mac239 and mac316),
and six C34 peptides derived from three strains of HIV-1 (LAV, N CM, and O CM), two strains
of HIV-2 (EHO and ALI), and one strain of SIV (African Green Monkey, AGM). A quantitative
vaccinia-based reporter gene cell fusion assay was employed. The inhibition data from the panel
of 30 C34/envelope glycoprotein combinations, which can be fit to a simple activity relationship
with IC5¢ values spanning a range of over 4 orders of magnitude from 4 nM to 70 uM, permits
one to rationalize both the potency and broadness of the inhibitory properties of the C34 peptides
in terms of computed interaction free energies between the C34 peptides and the N-helical
trimeric coiled-coil of gp41 and the helical propensities of the free C34 peptides. Of particular
interest is the finding that the C34 peptide derived from the EHO strain of HIV-2 is a broad
spectrum, highly potent inhibitor of Env-mediated cell fusion with ICs, values spanning a very
narrow range from only 4 to 25 nM over the entire panel of HIV-1 and SIV envelope
glycoproteins tested. This result suggests that C34 from HIV-2 EHO may present a potentially

useful therapeutic agent against diverse and/or resistant strains of HIV-1.

Introduction

Human (HIV) and simian (SIV) immunodeficiency
virus envelope (Env)-mediated cell fusion involves a
series of events initiated by the binding of gp120 to CD4
and a chemokine coreceptor.1=3 Following initiation, a
pre-hairpin intermediate state of gp41 is formed in
which the internal trimeric coiled coil of N-terminal
helices (residues 542—591 of HIV-1 Env) is exposed and
the N-terminal fusion peptide is inserted into the target
membrane.*~7 Ultimately, the formation of the fusogenic
six-helix bundle of gp41 drives the apposition of the viral
and target cell membranes and concomitant cell fusion
occurs.?3 The structure of the fusogenic state of the gp41
ectodomain from HIV-1 and SIV has been solved by
crystallography®~11 and NMR,!? and comprises an in-
ternal parallel trimeric coiled-coil of N-terminal helices
surrounded by antiparallel C-terminal helices (residues
623—663 of HIV-1 Env). The pre-hairpin intermediate
state of gp41 is the target for three classes of HIV Env-
mediated cell fusion inhibitors that block the formation
of the fusogenic six-helix bundle of gp41:'® class 1
inhibitors bind to the exposed trimeric coiled-coil of
N-helices,3719 class 2 bind to the exposed C-heptad
repeat region,'3:20-24 and class 3 form heterotrimers of
the N-terminal coiled-coil.?> Inhibitors comprising pep-
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tides derived from the C-terminal helix of gp41 belong
to the class 1 inhibitors.}4~1¢ One such compound, T20
(also known as DP178),14 consisting of residues 638—
673 of HIV-1 Env and extending 10 residues beyond the
end of the C-terminal helix of the fusogenic form of gp41,
has completed clinical trials and been approved by the
FDA for the treatment of AIDS under the name
enfuvirtide.26-28 In cell fusion assays, however, a peptide
known as C34 which comprises residues 628—661 of
HIV-1 Env! and encompasses 83% of the C-terminal
helix, has an ICs¢ of ~5 nM against HIV-1 LAV and is
about 10—20 times more potent than T20 in vitro.!?

For inhibitors such as T20 or C34 to be maximally
effective they need to display a broad spectrum of activ-
ity against a wide range of HIV strains. Resistance to
T20 has already been observed.2”2 In this paper we
make use of a vaccinia-virus based reporter gene assay
for Env-mediated cell fusion?® to characterize the fusion
inhibitory properties of C34 peptides derived from a var-
iety of HIV-1, HIV-2, and SIV gp41’s against envelope
glycoproteins from diverse HIV-1 and SIV strains. We
show that a C34 peptide derived from the EHO strain
of HIV-2 is both highly potent over the complete
spectrum of envelope glycoproteins and displays broad
fusion inhibitory activity. The underlying basis for
variations in C34 inhibitory properties is investigated
both experimentally and by means of theoretical energy
calculations.
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Figure 1. HIV-1 and SIV envelope glycoproteins and C34 peptides used to probe inhibition of HIV-1/SIV Env-mediated cell
fusion. (a) Phylogenetic tree of HIV-1, HIV-2 and SIV derived from alignment of envelope glycoprotein (gp120/gp41) sequences.
(b) Helical wheel representation depicting the interaction of the N- and C-heptad repeats observed in the three-dimensional
structures of the fusogenic six helix bundle form of gp41.8712 The positions colored in blue for N36 (residues 546—581 in HIV-1
Env) and red for C34 (residues 628—661 in HIV-1 Env) correspond to sites involved in contacts between the two heptad repeats.
Only a single C-helix is displayed. (c) Sequences of the N36 region of gp41 corresponding to the five envelope glycoproteins used
in the current study, three from HIV-1 (LAV, SF-162 and 89.6) and two from SIV (mac239 and mac316). (d) Sequences of C34
peptides used in the current study, three from HIV-1 (LAV, N CM and O CM), two from HIV-2 (EHO and ALI) and one from SIV
(AGM). In c and d, residues involved in contacts between the N- and C-helices in the six-helix bundle form of gp41 are indicated
by solid squares; asterisks denote positions that are fully conserved; and colons and dots indicate positions in which one of the
‘strong’ (score > 0.5) or ‘weaker’ (score < 0.5) positively scoring groups is conserved, respectively. The sequence alignments were
generated using the program Clustal X 1.8 (ftp:/ftp-igbmc.u-strasbg.fr/pub/ClustalX) operating in multiple alignment mode with
the Gonnet Pam250 protein weight matrix.*® Residues that are not conserved relative to the reference sequence (from HIV-1
HXB2) are uncolored, with the exception of glycine which is colored in orange whether it is conserved or not. Residues conserved
relative to the reference HIV-1 HXB2 sequence are color coded as follows: nonpolar residues, blue; polar residues, green; aromatic
polar residues, cyan; negatively charged residues, magenta; positively charged residues, red.

Experimental Section

gp41 Sequence Comparison. HIV-1, HIV-2, and SIV gp41
sequences were obtained from the HIV sequence database at
Los Alamos National Laboratory (http://www.hiv.lanl.gov/
content/hiv-db/mainpage.html). Sequence comparisons were
performed using the ClustalX 1.8 sequence alignment program
(ftp://ftpigbmec.ustrasbg.fr/pub/ClustalX/)

Peptides. All C34 peptides (Figure 1c), purchased from
Biopeptide LLC (San Diego, CA), were synthesized on solid
phase support, purified by reverse phase high performance
liquid chromatography, and verified by mass spectrometry and
quantitative amino acid analysis. All peptides bear an acetyl
group at the N-terminus and an amide group at the C-

terminus. Concentrations of peptides were determined spec-
trophotometrically, using molecular masses and extinction
coefficients calculated with the ProtParam program (http:/
us.expasy.org/tools/protparam.html)

Circular Dichroism. CD spectra of peptides (at concentra-
tions of 8—21 ug/mL) were recorded at 0 °C in 10 mM sodium
phosphate buffer pH 7.5 on a JASCO J-720 spectropolarimeter
using a 1 cm optical path length cell. Quantitative evaluation
of secondary structure from the CD spectra was carried
out using the program CDNN (http:/www.bioinformatik.-
biochemtech.uni-halle.de/cd_spect/index.html).3°

Cell Fusion Assay. Inhibition of HIV/SIV Env-mediated
cell fusion by the C34 peptides was carried out as described
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previously!® using a modification of the vaccinia virus-based
reporter gene assay employing soluble CD4.%°

B-SC-1 cells were used for both target and effector cell
populations. For experiments employing Env from the T-tropic
HIV-1 LAV strain, target cells were co-infected with recom-
binant vaccinia viruses vCB21R-LacZ (encoding f-galactosi-
dase) and vCBYF1-fusin®' (encoding CXCR4), and effector
cells with vCB41%2 (encoding Env from HIV-1 LAV) and
vP11T7genel (encoding T7 polymerase), at a multiplicity of
infection (MOI) of about 2.5. In the experiments employing
envelope glycoproteins from the M-tropic SF162 and dual-
tropic 89.6 HIV-1 strains, as well as from the mac239 and
mac316 strains of SIV, target cells were co-infected with vCB—
CCR5% (encoding the CCR5 coreceptor) and vCB21R-LacZ,
and effector cells with vCB32%2 (encoding Env from HIV-1
SF162), vBD33* (encoding Env from HIV-1 89.6), vCB743%
(encoding Env from SIV mac239), or vCB75% (encoding Env
from SIV mac316), and vP11T7genel. Following infection for
1.5 h at 37 °C, cells were incubated for 18 h at 32 °C to allow
for vaccinia virus-mediated expression of recombinant pro-
teins.

For inhibition studies of Env-mediated cell fusion, peptides
were added to an appropriate volume of DMEM 2.5% FCS and
10 mM phosphate buffer, pH 7.5 to yield identical buffer
compositions (100 uL), followed by addition of 1 x 10° effector
cells (in 50 uL of media) per well and 1 x 10° target cells (in
50 uL of media) per well. With the exception of experiments
with Env from SIV mac316, recombinant soluble CD4 (Pro-
genics Pharmaceuticals, Tarrytown, NY) was added to the
media of the target cells at a concentration of 800 nM to yield
a final concentration of 200 nM soluble CD4 per well. (This is
double the concentration required to saturate the -galactosi-
dase signal®?). In the case of the experiments employing Env
from SIV mac316, however, no CD4 was employed since
preliminary data indicated that the extent of fusion was
essentially unaffected by the presence or absence of CDA4.
Following 2.5 h incubation at 37 °C, the assay plates were
frozen overnight. -Galactosidase activity of cell lysates was
measured from the absorbance at 570 nm (Molecular Devices
96-well spectrophotometer) upon addition of chorophenol-red-
p-D-galactopyranoside (Roche, Nutley, NJ). The curves for
[-galactosidase activity versus C34 peptide inhibitor concen-
tration were fit by nonlinear least-squares optimization using
the program Kaleidagraph 3.5 (Synergy Software, Reading,
PA).

Modeling and Interaction Free Energy Calculations.
Interaction free energies for the binding of C34 peptides to
the N-terminal helical coiled-coil of gp41l were estimated
computationally using a molecular mechanics force field®® with
a generalized-Born (GB) model for solvent contributions to
electrostatic interactions,®” and a surface area (SA) model for
hydrophobic interactions.?® All calculations were performed
using the Sander module of AMBER 8.0 (University of
California at San Francisco). Initial structures for the six-helix
bundle were built by homology modeling using the X-ray
crystal structure (consisting of residues 546—581 and 628—
661 of HIV-1 Env) with PDB code 1AIK® as a template. In the
initial models, the backbone of the 1AIK structure was not
changed, and the side-chain conformations of conserved amino
acids were retained as well. Side-chains of amino acids that
differed from those in 1AIK were modeled using the SCWRL
3.0 software.?® In a few cases, the resulting side-chains had
substantial steric overlap and were rebuilt using a second
round of side-chain modeling with SCWRL. Glutamine head-
groups with incorrect hydrogen-bonding geometry were rotated
by 180°. The structural models included residues 548—581 (N-
region) and 628—656 (C-region); that is, we only employed
regions with complete overlap of the N- and C-helices within
the 1AIK structure. The initial structures of the free C-
peptides and of the trimeric N-peptide coiled coil were obtained
by removing C-peptides from the six-helix bundle structure,
leaving side chains and backbone intact. The resulting struc-
tures were energy minimized for 500 steps using a conjugate-
gradient minimizer. From the resulting “free energies” (with
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Table 1. Source of Envelope Glycoproteins Employed in the
Current Study

strain tropism
HIV-1 LAV T tropic/CD4 dependent

coreceptor
CXCR4

HIV-1SF162 M tropic/CD4 dependent CCR5
HIV-189.6 Dual tropic/CD4 dependent CCR5 or CXCR4
SIV mac239 T tropic/CD4 dependent CCR5
SIV mac316 M tropic/CD4 independent ~ CCR5

solvent effects included through GB/SA terms) of the six-helix
bundle (Gnscs), the helical N-trimer (Gns) and the helical
C-peptide (Gc), we calculated the interaction free energy as
AGinter = Gnscs — {Gns + 3Gg}. In this estimate, unfolding of
C-peptide helices, as well as competing interactions in the
dissociated state between the peptides and other parts of the
protein, are neglected.

Results and Discussion

Choice of Viral Envelope Glycoproteins and C34
Peptide Sequences. To assess as comprehensively as
possible the fusion inhibitory activity of a range of
different C34 peptides against envelope glycoproteins
from a representative sample of HIV and SIV viruses,
we initially constructed a phylogenetic tree based on the
complete envelope glycoprotein (gp120/gp41) sequences
(Figure 1la). Given the limited choice of available
recombinant vaccinia virus strains expressing envelope
glycoproteins, we selected envelope glycoproteins from
three HIV-1 M group strains and two from SIVmac/
SIVsmm strains (Table 1 and Figure 1c). The HIV-1
envelope glycoproteins employed originated from the T
tropic X4 LAV-1, M tropic R5 SF162, and dual-tropic
R5X4 89.6 strains of HIV-1. The two SIV envelope
glycoproteins originated from T tropic/CD4 dependent
mac239 and M tropic/CD4 independent mac316 strains
of SIV.

The selection of C34 peptides was based on the
following approach. HIV-1, HIV-2, and SIV gp41l se-
quences in the HIV DNA sequence database at Los
Alamos National Laboratory were translated and com-
pared using the Clustal X 1.8 package*® operating in
multiple alignment mode with the Gonnet Pam250
protein weight matrix. HIV-1 HXB2 was used as a
reference strain for the purposes of residue numbering
and selecting the appropriate region for alignment. After
clustering sequences by organism and group (HIV-1),
subtype (HIV-2), or species of origin (SIV), sequence
“consensus” tables were generated in which sequences
with relatively more conserved amino acids in common
were clustered. This was used to derive common se-
quences for each lineage. Because of the large number
of sequences and their variability, it was not feasible to
take into account all of the substitutions within gp41
for further analysis. We therefore only considered the
region from residues 546—581 (HIV-1 numbering) cor-
responding to the N-terminal helical coiled-coil of gp41
since the sequence variability within the C-heptad
repeat region corresponding to C34 (residues 628—661)
is much larger. The consensus sequences were then
analyzed for substitutions in those residues involved in
the primary (central) contacts between the N- and
C-helical regions of gp41, namely positions e and g of
the helical wheel in the case of the N-region and a and
d in the case of the C-region (Figure 1b). Consensus
sequences with the largest number of substitutions in
these positions were selected and used to choose actual
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Table 2. Percentage Sequence Identity within the N-Terminal
Helical Region (residues 546—581 in HIV-1 Env) of gp41 among
the Different Strains of HIV-1 and SIV Employed in the
Current Study®

% sequence identity

HIV-1 SIV
LAV  SF162 89.6 mac239 mac316
HIV-1 LAV 100 94 92 58 58
HIV-1 SF162 94 100 97 61 61
HIV-189.6 91 97 100 58 58
SIV mac239 56 65 62 100 97
SIV mac316 56 65 62 97 100

@ The percentage sequence identities for all 36 residues is listed
above the diagonal, and the percentage sequence identity for the
34 residues (see Figure 1b and c) that contact C34 is given below
the diagonal.

Table 3. Percentage Sequence Identity for the C34 Peptides
(corresponding to residues 628—661 of HIV-1 Env) Derived
from the Various Strains of HIV-1, HIV-2 and SIV.

% sequence identity

HIV-1 HIV-2 SIV
LAV NCM OCM EHO ALl AGM
HIV-1 LAV 100 47 53 44 38 24
HIV-1N CM 57 100 50 44 38 27
HIV-10 CM 57 57 100 35 44 32
HIV-2 EHO 52 52 44 100 79 44
HIV-2 ALI 44 48 44 78 100 50
SIV AGM 30 26 39 57 61 100

@ The percentage sequence identities for all 34 residues is listed
above the diagonal, and the percentage sequence identity for the
23 residues (see Figure 1b and d) that contact the N36 region of
gp41 is given below the diagonal.

sequences from ‘representative strains’ from each group.
The resulting panel of C34 peptide sequences is shown
in Figure 1d. In the case of SIV, we chose a C34
sequence from the African Green Monkey (AGM) lineage
since it had the largest number of amino acid substitu-
tions in the positions of interest and the highest degree
of divergence from the HIV-1 and HIV-2 lineages.

A comparison of the overall sequence identity for the
N-region of gp41 (residues 546—581 of HIV-1 Env) and
C34 peptides (residues 628—661 of HIV-1 Env) em-
ployed, as well as the sequence identity for residues
involved in contacts between the N- and C-helical re-
gions of gp41, is provided in Tables 2 and 3, respectively.
In the case of the N-terminal helical coiled-coil of gp41
(Table 2), there is a high degree of sequence conserva-
tion (>90%) between the three HIV-1 strains and be-
tween the two SIV strains, but significantly less be-
tween the HIV-1 and SIV strains (ca. 55—65%). In com-
parison to the N-region, the degree of sequence conser-
vation (both overall and for residues contacting the N-
terminal helical coiled-coil) between the different C34
sequences is much less, ranging from 25 to 65% (Table 3).

C34 Peptide Inhibition of HIV/SIV Env-Medi-
ated Cell Fusion. To ascertain the effect of sequence
variation on C34 inhibition of HIV/SIV Env-mediated
cell fusion, we carried out a quantitative vaccinia virus-
based reporter gene cell fusion assay!'330 for all 30
envelope glycoprotein/C34 peptide combinations. An
example of the quality of the data is shown in Figure 2
which displays inhibition curves of Env-mediated cell
fusion by C34 LAV with ICsos spanning over 3 orders
of magnitude ranging from 4.5 + 1.0 nM against Env
from HIV-1 LAV to 21 + 2 uM against Env from SIV
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Figure 2. Inhibition of HIV-1 LAV, HIV-1 SF162, HIV-1 89.6,
SIV mac239, and SIV mac316 Env-mediated cell fusion by the
C34 peptide derived from HIV-1 LAV. The circles represent
the experimental data; the vertical bars, the standard devia-
tions for the experimental data; and the solid lines, the fits to
the experimental data using the simple activity relationship:
%fusion = 100/(1 + [C34]/I1C5o).
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Figure 3. Summary of the ICs¢s for inhibition of HIV-1/SIV
Env-mediated cell fusion by C34 derived from three strains of
HIV-1 (LAV, N CM, and O CM), two strains of HIV-1 (EHO
and ALI), and one strain of SIV (AGM, African green monkey).
Each C34 peptide was tested in the cell—cell fusion assay
against five different envelope glycoproteins, three from HIV-1
(LAV, SF162 and 89.6) and two from SIV (mac239 and
mac316).

mac316. Note that all the data can be fit to a simple
activity relationship of the form %fusion = 100/(1 +
[C34]/IC5p) indicating that inhibition of fusion by the
C34 peptides involves a single binding event (i.e. binding
of only one molecule of C34 per molecule of gp41, in its
pre-hairpin intermediate state, is all that is required
to inhibit fusion).

A summary of all the ICs¢ data is provided in Figure
3 and Table 4. In the case of all six C34 peptides a
general trend emerges in which inhibition of Env-
mediated cell fusion decreases in the order HIV-1 LAV,
HIV-1SF162, HIV-1 89.6, SIVmac239, and SIVmac316
envelope glycoproteins. However, there is a large varia-
tion in the spectrum of inhibition with ICs¢s ranging
over 3 orders of magnitude for C34 from HIV-1 LAV and
N CM, to less than an order of magnitude for C34 from
HIV-2 EHO and SIV AGM. Of the six C34 peptides, C34
derived from the EHO strain of HIV-2 is both the most
potent and has the broadest spectrum with an ICs
ranging from 4.3 & 0.4 nM against Env from HIV-1 LAV
to 20—25 nM against Env from HIV-1 89.6 and SIV-
mac316. This result suggests that C34 derived from the
HIV-2 EHO strain may be advantageous in terms of
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Table 4. Inhibition (ICs) of HIV/SIV Env-Mediated Cell Fusion by C34 Peptides Derived from HIV-1, HIV-2, and SIV

C34 peptide

envelope glycoprotein IC5o (M)

HIV-1 LAV

HIV-1 SF162

HIV-189.6

SIV mac239

SIV mac316

C34 HIV-1 LAV
C34 HIV-1N CM
C34 HIV-10 CM

4.5(£1.0) x 10°°
2.0(£0.5) x 1078
8.1(+£0.9) x 10°°

1.2(+£0.2) x 1078
3.8(+£0.2) x 1078
2.5(£0.2) x 1078

C34 HIV-2 EHO 4.3(£0.4) x 1079 1.1(+0.2) x 1078
C34 HIV-2 ALI 9.7(£1.1) x 1079 1.1(+0.1) x 1078
C34 SIVAGM 8.4(£0.1) x 1077 6.7(£0.8) x 1077

3.5(£0.3) x 1078
7.2(£1.5) x 1078
4.6(£1.3) x 1078
2.4(£1.2) x 1078
7.3(£1.7) x 108
2.7(£0.4) x 1076

3.1(£0.3) x 107¢
7.7(£1.1) x 10°¢
1.9(x0.4) x 1077
1.2(+£0.1) x 1078
2.6(£0.8) x 1078
2.7(£0.3) x 1076

2.1(£0.2) x 1075
7.0(£2.1) x 10°°
2.1(£0.6) x 1076
2.2(£0.4) x 1078
1.8(£0.5) x 1077
5.4(+0.6) x 10°¢

therapeutic potential against diverse and/or resistant
strains of HIV-1 and HIV-2.

Qualitative Structural Model-Based Rational-
ization of the Experimental IC5¢ Data. Models of the
gp41 ectodomain core based on the crystal structure of
the (N36-C34); six helix-bundle® were built as described
in the Experimental Section. To some extent the general
inhibition trend for the various C34 peptides (corre-
sponding to residues 628—661 of HIV-1 Env) across the
five different HIV-1/SIV envelope glycoproteins can be
rationalized qualitatively, by reference to the helical
wheel representation of the fusogenic form of the gp41
ectodomain shown in Figure 1b. The N36 region of
HIV-1 LAV and SF162 differ at two positions (Figure
1lc): D547G and 1580V located at positions ¢ and a,
respectively, of the helical wheel. The former entails the
loss of an electrostatic interaction with Lys655 at
position g, while the latter substitution is neutral since
it is not involved in any contact with C34. The L565M
substitution (position g) from SF162 to 89.6 HIV-1
(Figure 1c) may result in a reduction in hydrophobic
packing with 1642, Y/V/L638 and 1/V635 (at positions
a, d, and a, respectively, Figure 1d). The single substi-
tution between mac239 and mac316 SIV Env (Figure
1c), K650T (position b), may result in a reduction in
hydrophobic contacts with I/.646 (position e; Figure 1d).

There are nine substitutions between the N36 region
of HIV-1 89.6 and SIV mac239, of which six are involved
in contacts with C34 (Figure 1c). Of these six substitu-
tions, four may have untoward effects on binding
affinity: N554Q (position ¢) may generate a steric clash
with Q652 (position d) resulting in potential loss or
weakening of a hydrogen bond; I573T (position @) may
reduce the packing with W631 (position d) and W628
(position a); Q575N (position ¢) may result in the loss
of a hydrogen bond with the side chain Ne atom of W628
(position a); and finally L581T (position &) may result
in a reduction of hydrophobic contact with the indole
ring of W628 (position a). The remaining two substitu-
tions are probably neutral owing to compensatory
changes. Thus, Q567R (position b) replaces a hydrogen
bond between Q567 and T/S639 (position e) with an
alternate salt bridge between R567 and D/E639; like-
wise E560K (position b) probably preserves an electro-
static interaction with Q/Y650 (position b).

Semiquantitative Rationalization of the Experi-
mental IC5p Data Based on Calculated Interaction
Free Energies. A semiquantitative rationalization of
the measured ICs data can be derived from the results
of energy minimization calculations using a generalized-
Born model for solvent contributions to electrostatic
interactions in conjunction with a surface area model
for hydrophobic interactions (see Experimental for
details). In this approach the energy and solvation free
energy of the six-helix bundle N3Cs complex (Gn,c,), the
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Figure 4. Correlation of the observed ICsos versus the
calculated interaction free energy. The data fall into two
clusters: C34 from the LAV and N CM strains of HIV-1, and
C34 from the HIV-1 O CM strain, the HIV-2 EHO and ALI
strains, and the SIV AGM strain. The calculated interaction
free energy (AGinter) is given by AGinter = Gnye; — { G, + 3G},
where Guyc,, Gy, and Ge are the computed free energies of
the six-helix bundle, the isolated N-helical trimer, and the
isolated C-helix, respectively.

N-helical trimer (Gy,), and the isolated helical C34 (Gc)
are computed, and an estimate of the interaction free
energy is calculated as AGinter = Gnyoy — {Gn; + 3G}
The results serve to highlight trends since unfolding of
C-peptide helices, as well as competing interactions in
the dissociated state between the peptides and other
parts of the protein, are neglected. A plot of the
experimental ICsos versus the calculated interaction free
energies is shown in Figure 4. In interpreting this plot
several factors need to be borne in mind. First, since
the number of data points per C34 peptide is limited to
only five, correlations for individual C34 peptide datasets
may not be apparent, and hence it is important to
consider the data for several C34 peptides together.
Second, the absolute values of the calculated interaction
free energies, as is typical of molecular mechanics
calculations, are not meaningful and the magnitude of
the energetic differences appear to be too large (i.e. the
slope in the loglCs( versus interaction free energy plot
is too small). Third, energetic offsets between the
different C34 datasets will reflect the properties of the
free C34 peptides that were not taken into account in
the calculations. When the data for all C34 peptides is
considered as a whole, a trend between observed ICs¢s
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Figure 5. Broadness of the inhibition spectrum of HIV-1/SIV Env-mediated cell fusion by C34 peptides is correlated to their
helical propensity. (a) Summary of the IC5, data for the various C34 peptides against a range of HIV-1 and SIV envelope
glycoproteins. (b and c¢) Correlation of log(IC’ggn/Ingax) versus percentage helicity determined experimentally by CD in water and
30% trifluoethanol, respectively. log(Ing“/ICg'},aX) (derived from linear regression analysis of the data shown in panel a) provides
a measure of the broadness of the inhibition spectrum (i.e. the smaller the variation across the different envelope glycoproteins,
the broader the inhibitory spectrum of a given C34 peptide). The correlation coefficient between log(Ingn/IC’g:)ax) and helicity is
0.91 for the data in water (omitting the data point for C34 AGM) and 0.95 for the data in 30% trifluroethanol. (Note: trifluoroethanol

promotes helical formation by effectively reducing the water activity of the solvent).

and calculated interaction free energies is apparent, but
the correlation is rather poor (with a correlation coef-
ficient of only 0.4). However, two sets of excellent
correlations (each with a correlation coefficient of around
0.9) are observed: one for the C34 peptides from HIV-1
LAV and N CM, and the other for the C34 peptides from
EHO and ALI HIV-2 and AGM SIV). The data for C34
from HIV-1 O CM also falls in the second group with
the possible exception of a single data point, namely the
1C5¢ for inhibition of SIV mac316 Env-mediated cell
fusion. As will be shown in the following section, the
presence of these two families can be accounted for by
the helical propensities of the individual C34 peptides.
This suggests that the folding stability of the free C34
peptides and other possible nonspecific interactions will
be important for a fully quantitative description. Nev-
ertheless, the global trends within the experimental
data are reasonably well emulated by the theoretical
calculations, particularly when taking into account

inherent limitations of the modeling and molecular
mechanics approach.

Correlation of Inhibition Spectrum with C34
Helical Propensity. The fusion inhibition data clearly
show that the various C34 peptides exhibit differential
ranges of IC5p against envelope glycoproteins from vari-
ous strains of HIV-1 and SIV (Figures 3 and 5a). A mea-
sure of the broadness of the inhibition spectrum is pro-
vided by the logarithm of the ratio of the minimum to
maximum ICsg value within a given C34 peptide series.
Since the C34 peptides are dynamically disordered in
aqueous solution, as judged by the absence of any chem-
ical shift dispersion beyond that expected for a random
coil in a one-dimensional 'H NMR spectrum (unpub-
lished observations), yet form six-helix bundles with the
N-helical trimer of gp41, it is reasonable to postulate
that the inhibition spectrum is related to some extent
to the inherent helical propensity of the C34 peptides.
This was not taken into consideration in the computed
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interaction free energies. (The latter would be very dif-
ficult to do since it would require one to not only gen-
erate a realistic ensemble representation of the free C34
peptides but also to take into account potential nonspe-
cific interactions, both of which are not feasible using
current methodology,). The helical propensity, however,
of the C34 peptides can be readily ascertained experi-
mentally by CD spectroscopy. To this end CD spectra
of the six C34 peptides were measured both in water
and in 30% trifluoroethanol, a solvent known to promote
helix formation by desolvation of hydrogen bond donors
and acceptors.*! The results are displayed in Figure 5b
(for the data in water) and 5c¢ (for the data in 30% triflu-
oroethanol) where a clear correlation is observed be-
tween log(IC5™*/IC50™2%) and percentage helicity. The
correlation coefficient is 0.91 for the data in water omit-
ting the data point for C34 AGM, and 0.95 for the data
in 30% trifluoroethanol. It is also worth noting that
there is an excellent correlation (r = 0.94) between the
percentage helicity in water derived from the CD mea-
surements and that predicted by the AGADIR prediction
algorithm based on helix/coil transition theory.*2

The C34 helix is amphipathic with an external
hydrophilic face and a hydrophobic face that interacts
with the internal trimeric coiled-coil of gp41. It therefore
seems reasonable to anticipate that the helicity of the
C34 peptides observed in 30% trifluoroethanol provides
a better measure of helical propensity in the context of
an interaction with the N-terminal coiled-coil of gp41
than that observed in water (i.e. the promotion of C34
helix formation by trifluoroethanol can be regarded as
approximately analogous to that by the internal trimeric
coiled-coil of gp41). This would account for the higher
correlation of log(IC5o™?/IC50™2%) with helicity in 30%
trifluoroethanol (Figure 5¢) than in water (Figure 5b).

It is also worth noting that the helical propensities
of the C34 peptides in both water and 30% trifluoethanol
fall into two major groups (Figure 5b and c): a low
helical propensity group comprising C34 from HIV-1
LAV and N CM, and a high helical propensity group
comprising C34 from HIV-2 EHO and ALI. C34 from
SIV AGM falls in the high helical propensity group in
trifluoroethanol, while C34 from HIV-1 O CM falls into
the high helical propensity group in water and is of
intermediate helical propensity in trifluoroethanol.
These helical propensity groupings are in accord with
the two sets of correlations observed in the plot of
experimental IC5¢ versus calculated interaction free
energy shown in Figure 5.

Concluding Remarks

We have examined the inhibition of HIV and SIV Env-
mediated cell fusion by a series of C34 peptides derived
from various strains of HIV-1, HIV-2, and SIV using a
quantitative cell fusion assay. The data are accounted
for by a simple activity relationship indicating that
inhibition of cell fusion requires the binding of only a
single molecule of C34 per molecule of gp41. Thus, one
can conclude that the inhibitory properties of the
different C34 peptides are directly related to their
affinity for the N-terminal trimeric coiled-coil region of
membrane bound gp41 in its pre-hairpin intermediate
state. This is consistent with a previous study in which
it was shown that loglCsy measured for HIV-1 C34
containing a series of six substitutions at a single key
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site (Trp631), known from structural work8-12 to inter-
act with a hydrophobic groove on the surface of the
trimeric coiled-coil of N-helices, is directly correlated to
the Ty, of the corresponding six-helix bundle formed by
N36 (residues 546—581 of HIV-1) and C34 peptides.15
(Note that the measured ICsos spanned a relative
narrow range from about 1 to 40 nM, while the T,
ranged from ~35 to ~65 °C.1%). A correlation between
logICsg for three different C34 peptides (from HIV-1yg,
HIV-2gg1, and SIVyaczs51) and the Ty, for various N36/
C34 complexes (in those cases where a stable complex
could be prepared) has also been reported.** It should
be borne in mind, however, that correlating ICs¢s with
the T\,s for N36/C34 complexes involving different N36
peptides is fraught with difficulty since the T4, of the
six helix bundle is determined not only by the interac-
tion of C34 with N36, but also by the interaction
between the N36 peptides themselves which form the
internal trimeric coiled-coil around which the C34
peptides are wrapped.

The data reported here indicate that the spectrum of
inhibition is significantly different for the diverse C34
peptides. With the exception of C34 derived from SIV
AGM, all the HIV-1- and HIV-2-derived C34 peptides are
approximately equipotent against envelope glycopro-
teins from HIV-1 LAV, SF162, and 89.6 with ICs¢s
ranging from 4 to 20, 10—40, and 30—70 nM, respec-
tively (Figure 3). The range of inhibitory activity against
envelope glycoproteins from SIV mac239 and mac316,
however, is much larger ranging from 10 nM to 8 uM
and from 20 nM to 70 uM, respectively (Figure 3). Of
particular note is that the span of ICs¢s observed for
the HIV-2- and SIV-derived C34 peptides is around an
order of magnitude compared to 2—3 orders of magni-
tude for the HIV-1-derived C34 peptides (Figure 3). The
span of IC50s over the diverse panel of HIV-1 and SIV
envelope glycoproteins is a measure of the broadness
of the inhibition spectrum. Thus, HIV-2- and SIV-
derived C34 peptides are broad spectrum inhibitors
whereas HIV-1-derived C34 peptides display a far
narrower spectrum of inhibition (Figures 3 and 5a).
Experimentally, this correlates with the helical propen-
sity of the C34 peptides (Figure 5b and c). This is
consistent with previously published data on con-
strained peptide analogues of T20 (residues 643—678
of HIV-1 Env) which demonstrated that increased
potency against a single HIV-1 strain can be achieved
by engineering an intramolecular disulfide bridge to
increase the helical content of the free peptide.*?

The results obtained with C34 derived from the HIV-2
EHO strain are of particular interest and practical
significance since this particular C34 peptide displays
both very high potency and broad spectrum inhibitory
properties (with ICs¢s spanning a narrow range from
only 4 to 25 nM over all the tested HIV-1 and SIV
envelope glycoproteins; Figure 3), suggesting that it may
represent a potentially valuable therapeutic agent. It
has previously been suggested, based on a much smaller
panel of C34 peptides, that inhibition of HIV-2/SIV Env-
mediated cell fusion is more difficult than HIV-1 Env-
mediated cell fusion because CD4 destabilizes HIV-1
Env to a greater degree than HIV-2/SIV Env, thereby
exposing the N-terminal helical coiled-coil for a longer
period of time.** This longer exposure is presumed to
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increase the time during which inhibitors can target the
pre-hairpin intermediate state of gp41. The inhibition
data with the C34 peptide from HIV-2 EHO, which is
essentially an equipotent inhibitor of both HIV-1 and
SIV Env-mediated cell fusion, indicates that differential
destabilization of the various envelope glycoproteins by
CD4 does not appear to be a major determinant of the
fusion inhibitory properties of C34 peptides. Indeed,
inhibition of SIVmac316 Env-mediated cell fusion by the
C34 EHO peptide is highly effective despite the fact that
fusion by SIVmac316 Env is essentially CD4 indepen-
dent and the fusion inhibition experiments with SIV-
mac316 Env reported here were carried out in the
absence of CD4.

In addition, minimalistic molecular mechanics and
molecular modeling, which do not take into account the
helical propensities of the C34 peptides, provides a
semiquantitative correlation between calculated inter-
action free energies and observed IC5os for two clusters
of C34 peptides (namely, the LAV and N CM cluster,
and the HIV-1 O CM, HIV-2 EHO and ALI, and SIV
AGM cluster). The two clusters (Figure 4) correspond
to C34 peptides with the lowest and highest helical
propensities, respectively (Figure 5b,c).

We can therefore conclude that the inhibitory proper-
ties of C34 peptides can be rationalized on the basis of
the strength of the interaction free energy between
helical C34 and the N-terminal helical coiled-coil of gp41
and the helical propensity of the free C34 peptides.
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